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[1] Anomalous vertical profiles of ozone were observed in the subtropical lower
stratosphere (near south Florida) in July 2002 during the NASA-sponsored Cirrus
Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus Experiment
measurement campaign. It is shown that there is an enhancement of ozone (initially
>150%) above the tropopause extending up to �410 K potential temperature. This ozone
increase is the result of recent transport of middle-and high-latitude lower stratospheric air
into the subtropics. This meridional transport was a consequence of a geostrophic flow
pattern established by a quasi-stationary anticyclone centered over the south central United
States that persisted for much of July 2002. We show the spatial and temporal extent of
meridional isentropic transport into the subtropics by examining the ozone vertical profiles
in combination with the NOy:O3 correlations as well as isentropic back trajectory
calculations. The anomalous ozone profiles are also reproduced in a global chemical
transport model. INDEX TERMS: 0340 Atmospheric Composition and Structure: Middle atmosphere—

composition and chemistry; 0341 Atmospheric Composition and Structure: Middle atmosphere—constituent

transport and chemistry (3334); KEYWORDS: ozone, lower stratosphere, large-scale transport
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1. Introduction

[2] The exchange of air between the midlatitudes and the
tropics in the upper troposphere (UT) and lower strato-
sphere (LS) can alter the chemical composition near the
tropopause and impact the chemical and radiative balance of
the atmosphere [Houghton et al., 2001]. This is particularly
true for the transport of Northern Hemisphere (NH) midlat-
itude air into the tropical ascent region. The potential for
polluted NH air to reach the tropical upwelling region is of
concern because of serious impacts on the chemistry of the
stratosphere and the balance of ozone [Stolarski et al., 1995;
World Meteorological Organization, 2003]. In order to
assess the long-term impacts of both anthropogenic and
natural emissions on the chemical balance of ozone, reliable
estimates of the magnitude of meridional exchange between
the midlatitudes and the tropics are necessary.

[3] In the UT region in particular, NH subtropical high-
pressure systems (anticyclones) have been shown to affect
the circulation patterns in the LS and thus influence the
long-range transport of chemical constituents. Dunkerton
[1995] investigated the climatology of large-scale circula-
tions adjacent to monsoon regions in the NH summer. The
results of this study showed that the horizontal circulations
from quasi-stationary anticyclones over North America can
penetrate into the LS up to �25 km and are effective in
long-range meridional transport of chemical constituents.
Observational evidence for this was seen in the poleward
transport of Mt. Pinatubo aerosol. Using SAGE-II aerosol
extinction data, Trepte et al. [1993] showed that significant
LS aerosol transport into the northern mid and high latitudes
was directly associated with UT quasi-stationary anticy-
clonic circulation systems during the NH summer.
[4] Long-range transport associated with synoptic-scale

disturbances can also directly affect the distribution and
variability of ozone abundance in the UT/LS. In the LS,
below 25 km, the photochemical lifetime of ozone is several
months to a year [Solomon et al., 1985; Avallone and
Prather, 1996]. Since this is generally much longer than
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transport timescales, transport processes primarily deter-
mine the ozone distribution and variability in the tropical
to midlatitude lower stratosphere (excluding the high lat-
itudes in late winter/early spring). Consequently, ozone
distributions are dependent on both latitude and season
and have been used extensively to infer transport in the
lower stratosphere [Reid and Vaughan, 1991; Vaughan and
Timmis, 1998; Rood et al., 2000; Proffitt et al., 2003].
[5] Evidence suggests that changes in ozone abundance

in the lower stratosphere, particularly near the tropopause,
can have potential climate impacts. For example, several
modeling studies have examined the effect that changes
in the vertical distribution of ozone have on radiative
climate forcing [Ramaswamy et al., 1992; Lacis et al.,
1990; Forster and Shine, 1997]. Radiative-convective mod-
els show that, as a function of height, ozone changes near
the tropopause have the largest influence on surface tem-
perature. Therefore, depending on the spatial extent,
changes in ozone abundance near the tropopause can cause
significant perturbations in the direct radiative forcing and
thus influence climate in the troposphere.
[6] The ozone vertical distribution in the lower strato-

sphere near the tropopause, particularly in the tropics and
subtropics, is difficult to characterize accurately from satel-
lite based instruments. Typically, these instruments rely on
an atmospheric backscattering technique and are most
sensitive to ozone concentrations above 25 km. Further-
more, long-term ozone monitoring and ozonesonde mea-
surement stations are located predominantly in northern
midlatitudes with few located throughout the southern
midlatitudes and even fewer at tropical latitudes [Logan,
1994, 1999].
[7] In this paper we report on extensive in situ measure-

ments made in the summer subtropical UT/LS, primarily
between 340 and 440 K potential temperatures, during the
NASA Cirrus Regional Study of Tropical Anvils and Cirrus
Layers-Florida Area Cirrus Experiment (CRYSTAL-FACE)
campaign in July 2002. During this time period, a persistent

quasi-stationary anticyclone was centered over the south
central United States. Fast response in situ sampling of this
region provided a unique opportunity to accurately measure
the ozone distribution in the UT/LS region adjacent to and
downstream of a large anticyclone. Furthermore, the simul-
taneous measurements of trace and reactive gases as well as
aerosols and meteorological data add a powerful comple-
ment to allow independent quantification of chemical and
dynamical processes. Therefore the measurements taken
during the CRYSTAL-FACE campaign add significantly
to the body of ozone data in the tropics and subtropics.

2. Measurements

[8] The in situ measurements reported here were acquired
from fast response instruments on board the NASAWB-57F
high-altitude aircraft. These measurements included O3

[Proffitt and McLaughlin, 1983], CH4 [Richard et al.,
2002], NOy [Ridley et al., 1994], and pressure and tem-
perature [Thompson and Rosenlof, 2003]. During the
CRYSTAL-FACE mission, a total of 14 science flights
were completed with the NASAWB-57F out of Boca Chica
NAS located near Key West, Florida (24.6�N, 81.7�W).
The flights spanned the entire month of July starting on
June 29th (transit) and ending on the 31 July 2002 (return
transit). The latitude coverage for these flights ranged from
39�N down to 12�N. Figure 1 shows the latitude coverage
for the northernmost (20020731 return transit) and the two
southernmost (20020709 and 20020726) flights (following
format convention, the flight date is written as yyyymmdd).
The two southern survey flights followed similar flight
profiles, occurred approximately 3 weeks apart and covered
�12� of latitude. The altitudes covered the region from the
UT to the LS up to 450 K (70 hPa).
[9] Additionally, during the CRYSTAL-FACE campaign

there were many southern Florida flight profiles designed
to sample regions around convection. All of the flights
involved numerous stepped profiles between the UT and LS
up to �19 km altitude (460 K). Overall, the CRYSTAL-
FACE WB-57F flights in the UT/LS allowed for sufficient
characterization of air masses over extended times and
latitudes.

3. Results and Discussion

3.1. Data Overview

[10] An example of the UT/LS in situ flight data is shown
in Figure 2. Plotted here are a time series of in situ O3, CH4

and NOy (the sum of total reactive nitrogen species; NOy =
NO + NO2 + NO3 + 2N2O5 + HNO3 + ClONO2 +
HO2NO2 + peroxyacetal nitrate (PAN)+. . .) measurements
recorded simultaneously on 20020723. The altitude profile
for this 1 hour and 40 min section of the flight includes
several stepped legs going from �200 hPa (�345 K) to
110 hPa (385 K).
[11] This section of the flight highlights several interest-

ing features. The chemical constituent data in this flight
section reveal a very sharp transition layer seen clearly at
�120 hPa (377 K) located in the flight track between 80000
and 81000 UT seconds. This is evident in the O3 and tracer
mixing ratios as a function of pressure. In this region, as the
WB-57F climbed from 150 hPa (354 K), just above the

Figure 1. WB-57F flight tracks for northern survey transit
flight (20020731) and two southern survey flights
(20020709 and 20020726). The total latitude coverage here
spans from 39�N down to 12�N.
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local tropopause, to 110 hPa (385 K), the ozone mixing
ratio increases rapidly as expected; ozone is generally a
proxy for altitude in the lower stratosphere. However, at
120 hPa, the ozone mixing ratio decreases sharply from
350 ppbv to �100 ppbv. Above 120 hPa the ozone remains
relatively constant at �100 ppbv. Upon descent at
�81000 UT seconds, the layer is again encountered at
120 hPa showing the rapid rise to >300 ppbv ozone mixing
ratio and then decreases as altitude decreases.
[12] Close examination of other tracer data also shows

this interesting layer. Coincident with the ozone gradients,
two sharp, anticorrelated transitions occur in both the CH4

and NOy mixing ratios suggesting air of different origins.
Together with ozone, NOy and CH4 help determine an air
parcel’s history. In the lower stratosphere, both NOy and O3

have positive vertical gradients in mixing ratio because of
similar source/sink relationships. In contrast, CH4 is a
tropospheric source gas with a negative vertical gradient

in the stratosphere. Therefore, for stratospheric air, O3

mixing ratios will be high in conjunction with higher NOy

and lower CH4 mixing ratios; the reverse is true for
tropospheric air.
[13] Figure 2b shows the vertical distribution of the in situ

O3 and CH4 data for the flight of 20020723 plotted as a
function of potential temperature calculated from the in situ
pressure and temperature measurements. The sharp transi-
tion gradient can be seen clearly between 375 and 380 K
potential temperature (at 120 hPa in Figure 2a). Within this
narrow potential temperature region the ozone changes by
200 ppbv (>150%). Examination of the CH4 data in this
same region shows a noticeable decrease in mixing ratio
(�50 ppbv decrease) coincident with the O3 increase and is
consistent with a greater percentage of photochemically
aged stratospheric air.
[14] The in situ LS data shown in Figure 2 is indicative of

a layered structure of ‘‘younger’’ air above 120 hPa (377K),

Figure 2. (a) Flight track traces for pressure, O3, CH4, and NOy for a 100 min section during the flight
of 20020723. The green dashed line represents the Key West thermal tropopause as measured by sonde.
(b) Vertical mixing ratio profiles for O3 and CH4 as a function of potential temperature for 20020723.
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showing lower O3 and NOy and higher CH4 mixing ratios,
and ‘‘aged’’ stratospheric air below corresponding to higher
O3 and NOy and lower CH4 mixing ratios. Additionally, the
in situ water vapor data above 120 hPa (not shown) remains
low at �5 ppmv, consistent with dehydration of the younger
tropical air as a result of recent upward transport through the
cold tropical tropopause [Kley et al., 1982]. In the lower
stratosphere, this type of layered structure is observed
throughout all the flights of the CRYSTAL-FACE mission.

3.2. Ozone Vertical Profiles

[15] Figure 3 shows the vertical profiles of ozone as a
function of potential temperature for several of the science
flights spanning the July 2002 duration of the CRYSTAL-
FACE campaign. Generally, there is sufficient altitude
profiling to cover the UT/LS region with most flights
covering a potential temperature range from 300 to 440 K.
[16] As shown in the previous section, a characteristic

feature clearly evident in all of the profiles is a localized
region of large vertical gradients in ozone mixing ratio just
above the local tropopause occurring between approximately
350 and 410 K potential temperature. Examination of the
vertical profiles shows that the gradient regions decrease
over time both in magnitude and altitude. Initially, the ozone
differences are �300 ppbv localized near 400 K. By the end

of the mission, the region only spans from approximately
345 to 370 K with ozone differences of �100 ppbv. The
profiles show that over time the ozone mixing ratio changes
occur predominantly in the 340–400 K region. Note that
above�400 K in all of the profiles the vertical gradient in O3

mixing ratio does not vary considerably over the extent of
the measurements throughout July. The data suggest an
ozone enhancement between the local tropopause and
�400 K initially on 20020703, decreasing to �370 K by
20020728. This structure is indicative of a persistent, large-
scale intrusion of elevated O3 into the subtropical LS.
[17] To further confirm that this is a positive ozone

anomaly we can compare the profiles with a ‘‘climatology’’
for the time and region. In Figure 4 we compare a summer
2002 vertical O3 profile with that of a previous summer
profile of similar location. Shown here is the ozone vertical
profile as a function of potential temperature between 300
and 460 K for the flight of 20020703. Also shown on
Figure 4 is the August average ozone data recorded by
the NOAA in situ ozone instrument on board the NASA
ER-2 during ascents and descents at Jacksonville, Florida
(30.5�N, 81.7�W) during the CAMEX-IV mission in late
summer 2001 (approximately 1 year earlier). Between
these two summers, the data show that above 410 K
there is fairly good agreement with both the absolute value

Figure 3. Vertical ozone mixing ratio profiles as a function of potential temperature for several
CRYSTAL-FACE flights during July 2002.
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and the vertical gradient in ozone mixing ratio, suggesting
this region during July 2002 to be more typical of the LS
in this midlatitude/subtropical region. Therefore we suggest
the observed ozone gradients are the result of a large
enhancement of ozone mixing ratio between �350 K
( just above the local tropopause) and 410 K potential
temperature.
[18] Interestingly, as an additional comparison we also

show in Figure 4 the July high-latitude average for in situ
ozone data from the summer 1997 POLARIS mission for
profiles from Fairbanks, Alaska (64.8�N, 147.6�W)
[Newman et al., 1999]. Here the POLARIS high-latitude
ozone data agree well with the ozone profile from
CRYSTAL-FACE between 360 K and 400 K. This seems
to suggest that the enhancement of ozone between the 350 K
and 410 K levels is due to the meridional transport of higher
latitude air into the subtropical LS. This will be investigated
further in the following sections.

3.3. Ozone Spatial and Temporal Variability

[19] There were two flights during the mission that
allowed for a direct study of the ozone spatial and temporal
variability in the UT/LS. The flights of 20020709 and
20020726 were southern survey flights covering a latitude
range from Key West (24.6�N) to 12�N and 14�N, respec-
tively. These flights followed nearly identical flight tracks
and provided a unique opportunity to characterize the time
evolution of the O3 meridional distribution over 12� of
latitude in the subtropical UT/LS.
[20] Figures 5a–5d show the latitudinal dependence of

the ozone vertical profiles in the UT/LS for 20020709 and
20020726 between 25�N and 12�N. These profiles are
grouped into four latitude regions each spanning �3� of
latitude. A comparison of the early and late O3 vertical
profiles within each latitude region shows clearly the spatial

and temporal variation of the ozone mixing ratio between
360 and 400 K. Comparison of the 20020709 profiles
between the different regions shows that the intrusion
weakens with decreasing latitude. This weakening occurs
predominantly from the higher layers. By the flight of
20020726, there are just small remnants of the intrusion,
located in the small altitude region between the tropopause
and �370 K. Note, however, that there is much less
latitudinal dependence in the profiles on the 26th as com-
pared to the 9th. Because of these differences, this study
will focus on data from these two flights. Both back
trajectory calculations and chemical tracer correlations will
be used to try to understand the air mass differences causing
this behavior.

3.4. Trajectory Analysis

[21] Figures 6a and 6b show the meteorological situation
for the first and last weeks, respectively, in July over most of
the North American continent. Plotted is geopotential height
on the 100-hPa pressure surface. This height is at 380–
400 K potential temperature in the subtropics and represents
the situation in the LS. Figure 6a shows the weekly average
for the time period of 20020701–20020708. Here anticy-
clonic flow around a blocking high located over the central
US produced equatorward flow over the eastern United
States. The weekly average in Figure 6b shows that by the
last week in July the high has weakened, with more zonal
flow apparent in the LS.
[22] A series of 5-day isentropic back trajectories was run

in an effort to try to understand the air mass differences,
both vertically and temporally, between 20020709 and
20020726. The meteorological fields used for the back
trajectory runs are from the National Centers for Environ-
mental Prediction (NCEP) aviation assimilated model
on 1� � 1� horizontal resolution. Figures 7a–7d show the
isentropic trajectories initialized on the 420 K and 380 K
surfaces at 23�–27�N for 20020709 and 20020726. The
420 K and 380 K potential temperatures were chosen to
highlight the regions showing minimum and maximum
differences in the observed ozone mixing ratios, respec-
tively, between the two southern survey flights.
[23] It can be seen in Figures 7a and 7c that at 420 K both

the 9th and the 26th show an easterly flow of LS midlatitude
and subtropical Atlantic air with very little meridional
transport. However, comparison of Figures 7b and 7d shows
that at 380 K there is a dramatic difference in air mass
history between the 9th and 26th. On the 9th, the flow
pattern at 380 K is influenced strongly by the quasi-
stationary anticyclone producing large equatorward flow
from higher latitudes. In contrast, by the 26th the flow at
380 K is similar to that observed at the higher potential
temperatures showing predominantly easterly and south-
easterly flow of subtropical air. It is also interesting to note
the similarity between the 380 K flow pattern on the 26th
(Figure 7d) with that of the 420 K flow pattern on the 9th
(Figure 7a). This corresponds to a shift to a more tropical
summertime regime over south Florida. There is also an
increase in tropopause altitude over the month of July,
which would also indicate a shift to a more tropical regime.
[24] On the flight of 20020709, the strength of the

anticyclone and its influence on the meridional transport
at 380 K is observed even at the southernmost latitudes.

Figure 4. Comparison of ozone mixing ratio vertical
profile as a function of potential temperature between
CRYSTAL-FACE 20020703 (dots), CAMEX-IV August
2001 average (circles) and high-latitude POLARIS July
1997 average (squares). The error bars correspond to the
1-s standard deviation of the averaged ozone mixing ratio.
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Figure 8 shows the 5-day back trajectory on the 380 K
surface for 20020709 initialized in a latitude grid of 12�–
16�N (southernmost part of flight track). As can be seen,
although somewhat weaker than observed at higher latitudes
(compare Figure 7b), the 12�–16�N region is still influ-
enced by meridional flow from the midlatitudes. Again, this
is consistent with the observations showing smaller ozone
mixing ratio enhancements at 380 K in the 12�–15�N
region (compare Figure 5d).

3.5. NOy:O3 Correlation

[25] As a further test of the extent of the high to
midlatitude advection into the subtropics, we can use ozone

tracer correlations that show distinct relationships as a
function of latitude. It has been well established that for
lower stratospheric long-lived trace gases both spatial and
temporal variations in mixing ratios are well correlated
[Kelly et al., 1989; Strahan et al., 1989; Proffitt et al.,
1990, Plumb and Ko, 1992; Proffitt et al., 2003]. Therefore
examination of tracer-tracer relationships in addition to the
individual profiles provides a more rigorous test of merid-
ional transport [Murphy et al., 1993; Volk et al., 1996; Tuck
et al., 1997; Herman et al., 1998; Flocke et al., 1999].
[26] A powerful diagnostic for transport processes in the

lower stratosphere is the correlation of ozone with NOy .
Previous extensive in situ aircraft measurements have

Figure 5. Comparison of the vertical profiles of ozone mixing ratio as a function of potential
temperature between the southern survey flights of 20020709 and 20020726 for (a) 22�–25�N,
(b) 17.5�–22�N, (c) 15�–17.5�N, and (d) 12�–15�N.
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shown a strong positive correlation between NOy and O3

abundance between the tropopause and 21 km [Murphy et
al., 1993; Fahey et al., 1996]. In this region, the correlation
is sensitive to transport and mixing processes since both
species act largely as long-lived tracers separated from
source regions at higher altitudes and sink regions at the
tropopause and below. In particular, the slope of the NOy to
O3 correlation (or alternatively, the NOy /O3 ratio) is found
to be nearly independent of altitude but significantly
dependent on latitude. Therefore the slope of the correlation
emphasizes horizontal chemical gradients in the lower
stratosphere.
[27] Throughout the midlatitudes, the NOy /O3 ratio in the

lower stratosphere is found to be �0.003 [Murphy et al.,
1993]. The reason for this can be attributed to fast quasi-
horizontal mixing occurring in regions absent of significant
sources and sinks for either NOy or O3. In the inner tropics,
however, the ratio decreases to a value of less than half the
midlatitude value due to O3 production in the lower strato-
sphere, whereas at higher latitudes (�50�N) the observed
NOy /O3 ratio values in the lower stratosphere increase

substantially. The increase of NOy /O3 in the high-latitude
lower stratosphere is indicative of air that is photochemi-
cally aged where NOy production has occurred via N2O
photolysis.
[28] Figure 9 shows the NOy:O3 correlations for both

20020709 and 20020726 as a function of potential temper-
ature in the altitude region above (Figure 9a) and within
(Figure 9b) the ozone enhancement. It should be noted here
that the NOy data have been filtered to include only gas
phase NOy. This is mainly a concern for data near the
tropopause, where NOy can be condensed on cirrus, and
should not affect the data for the LS region. To filter the
data, we use the total surface area volume data from the
CAS particle instrument. As a conservative estimate we use
only NOy data when total particle surface area volume is
less than 50 mm2 cm�3. (D. G. Baumgardner, personal
communication, 2002).
[29] As shown previously, the region above 400 K

represents air above the strong meridional transport region.
Figure 9a shows all of the NOy:O3 data for both flights
above 400 K agree very well with the 3:1000 midlatitude
line. Careful examination shows that most of the data lie
just slightly below the line, particularly for 20020709.
Previous in situ measurements in the LS have shown that
in the tropics the NOy /O3 ratio decreases sharply to �0.001
with the transition region occurring in just a few degrees of
latitude [Fahey et al., 1996]. Therefore this slightly lower
ratio above 400 K may be suggestive of a small tropical
influence. This can be seen in the trajectory result for this
region showing a small southeasterly contribution in con-
trast to the strong easterly flow for the 26th. Interestingly,
the overall agreement with the midlatitude NOy /O3 ratio of
0.003 holds even at the southernmost latitudes (12�N)
indicating that this tropical transition region in this location
is south of 12�N latitude during this time period.
[30] The NOy:O3 correlation for the region encompass-

ing 360–400 K is shown in Figure 9b. This corresponds
to the potential temperature region of the ozone enhance-
ment. Here all data from the 9th and the majority
of data from the 26th have NOy /O3 ratio values substan-
tially greater than 0.003 (i.e., lie well above the 3:1000
midlatitude line). Note, however, that although it is more
scattered there is still an overall positive correlation
between NOy and O3.
[31] What stands out clearly in this potential temperature

region for 20020709 is the significantly elevated NOy

between 400 and 550 ppbv ozone. Here, however, the
elevated NOy is anticorrelated with O3. Although we will
not focus on this here, we note that H.-J. Jost et al.
(Observations of mid-latitude forest fire plumes deep in
the stratosphere, submitted to Science, 2003, hereinafter
referred to as Jost et al., submitted manuscript, 2003) and
Hudson et al. [2003] have examined this elevated NOy

region with respect to CO and particle composition, respec-
tively. The results of their studies suggest that there is a
significant midlatitude biomass burning influence in the
subtropical LS. Evidence for these biomass burning signa-
tures are seen in isolated regions throughout the subtropical
flights and occur predominantly in the 340 to 380 K region
with very little influence above 400 K.
[32] The general features of the NOy:O3 correlation in

Figure 9b are in agreement with the previous conclusions,

Figure 6. Plot of 8-day average geopotential height on the
100 hPa surface for (a) 1–8 July 2002 and (b) 23–30 July
2002.
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namely, that relatively high-latitude LS air has been trans-
ported equatorward over an extended period of time. The
presence of larger NOy /O3 ratios in the lower strato-
sphere at high latitudes is indicative of air parcels that
have remained longer or traveled higher in the strato-
sphere (i.e., photochemically aged air). Previous measure-
ments in the UT/LS at high latitudes indicate higher
ratios, typically found to be 0.004–0.006 [Murphy et
al., 1993; Weinheimer et al., 1993, 1994]. For example,
this larger NOy /O3 ratio can be seen in the summer
northern latitude LS data from the POLARIS mission
based out of Fairbanks, Alaska, in 1997.
[33] Comparing the data between the 9th and the 26th

for this lower altitude region, we see that over time the
air is beginning to approach a more typical midlatitude
condition (i.e., NOy /O3 = 0.003), consistent with the
vertical profiles and trajectory results. By the flight of
20020726, all of the NOy in the 360–400 K region
corresponds to O3 mixing ratios less than 250 ppbv. This
suggests that over the time period of the measurements,
the anticyclonic circulation weakened and allowed the
reestablishment of zonal flow in this region causing an
increase in the fraction of midlatitude air near southern
Florida.

Figure 7. The 5-day isentropic back trajectories for 20020709 at (a) 420 K and (b) 380 K and for
20020726 at (c) 420 K and (d) 380 K.

Figure 8. The 5-day isentropic back trajectory at 380 K
for 20020709 initialized at 12�–16�N.
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3.6. Origin of the Ozone Anomaly

[34] Of interest is from how far north the ozone anomaly
between 350 and 400 K originated. Indications from both
the O3 vertical profiles and the NOy:O3 correlations are that
this air is from latitudes comparable to that sampled during
the POLARIS experiment based in Fairbanks, Alaska.
Examination of the profile as a function of potential
temperature (Figure 4) shows that ozone above 420 K is in
good agreement with that sampled during the CAMEX-IV
experiment in Florida the year before, while that below
360 K is a mixture of high-latitude and midlatitude ozone
values.
[35] To see how the anomalous CRYSTAL-FACE pro-

files compare with a more complete climatology, we have
constructed average ozone on a potential temperature grid
using data from the Halogen Occulation Experiment
(HALOE) flying on the Upper Atmosphere Research Sat-
ellite (UARS) [Russell et al., 1993]. This climatology was
done for June, July, and August for the years 1993–2002.
A comparison of the climatological profiles with the flight
of 9 July 2002 is shown in Figure 10. This comparison also
indicates that the bulk of the air at the peak of the
anomalous ozone must have originally resided at polar
latitudes, likely above 60�N. The transport from the north
had to be relatively rapid, as there is no evidence in the

profile taken near Key West of dilution from mixing with
surrounding midlatitude air between 380 and 390 K. Back
trajectories indeed show transport from 50�N within 5 days
(See Figure 7b). Even as far equatorward as 13�N, the air
below 380 K has high-latitude characteristics.
[36] This type of equatorward transport has the potential

to bring air with middle-and high-latitude characteristics
into the main uplift region that serves as the source of
overworld air. In this particular case, there were also traces
of tropospheric pollutants, as indicated by the presence of
aerosols and high CO with biomass burning signatures (Jost
et al., submitted manuscript, 2003). It also has the potential
to bring relatively high water vapor air into the low-latitude
rising region, thereby bypassing the tropical cold trap.
Long-term changes in the flow that affect the frequency
of these sorts of events could be another possibility for the
observed stratospheric water vapor changes [Oltmans et al.,
2000; Rosenlof et al., 2001].
[37] The limited data from the aircraft do not allow a

determination of whether the perturbed ozone air mass
mixes irreversibly into the tropics. However, assimilated
data trajectory calculations [Tuck et al., 1997] do show that
over 40% of the air in the tropical band from 10�S to 10�N
below 400 K in the fall season originated 2 months earlier
from poleward of 20�N. There is clearly the potential for
these sorts of transport events to impact the composition of
the inner tropical lower stratosphere.
[38] Transport across the subtropical jet near the tropo-

pause associated with flow around anticyclones has been
noted previously by Postel and Hitchman [1999]. In their
study, they examine the statistics of Rossby wave breaking
on the 350 K potential temperature surface near the sub-
tropical jet. They note the highest frequency of these wave
breaking events (and induced irreversible transport) occurs
immediately downwind of summertime anticyclones. This
appears to be the mechanism acting in this particular
situation. Although the localized aircraft measurements do
not give a good idea of the longitudinal scales involved,

Figure 9. Correlation scatterplot for NOy versus O3 for
southern survey flights of 20020709 and 20020726 for
the potential temperature intervals of (a) 400–440 K and
(b) 360–400 K.

Figure 10. Summer (JJA) ozone climatology for the years
1993–2002 using data from HALOE. These are shown for
the tropics/subtropics ( purple curve), the midlatitudes (blue
curve), and high latitudes (red curve). Also shown are the
ozone distributions for 20020709 poleward of 18�N (black
dots) and for 20020709 near 13�N (green dots).
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examination of the NCEP reanalysis for the month of July
(not shown) indicates that flow early in the month went
around the anticyclone, then entered a breaking wave
induced mixing region extending from Florida out into the
Atlantic. The anticyclonic flow and associated downwind
mixing are largely gone by mid-month, but some signature
in the ozone remains even on the flight of the 28th (see
Figure 3f ), indicating that some midlatitude ozone has been
irreversibly transported into the tropics.
[39] The limited data available from the aircraft experi-

ments does not allow a quantification of the mass or ozone
flux due to this event. Three-dimensional model analysis
will be needed, but first we need to demonstrate that such a
model reproduces this type of event.

4. Three-Dimensional Chemical-Transport
Model Comparison

[40] In an effort to elucidate the larger-scale features of
the meridional transport observed here, we compare the

observations with the results of a high-resolution 3-D
chemical transport model: Model for Ozone and Related
Chemical Tracers (MOZART), version 3 [Brasseur et al.,
1998]. The model is driven by European Centre for
Medium-Range Weather Forecasts analyzed meteorological
fields and is run at T63 resolution (1.9� � 1.9�) in the
horizontal with 60 levels in the vertical from the surface to
65 km. This corresponds to 1.2 km vertical resolution in
the UT/LS. The model was initialized on 1 June 2002
from a model climatology derived using GCM winds. The
model includes 50 chemical species, with approximately
150 photochemical and chemical reactions. For comparison,
the model output has been interpolated to isentropic
surfaces.
[41] Figure 11a shows the results of the MOZART

(version 3) ozone field averaged for 3 July 2002 at 380 K.
A large region of enhanced ozone is observed extending
from the Midwest of the United States to the western
Atlantic with the highest mixing ratios found along the east
coast line and east of Florida. Figure 11b shows a compar-

Figure 11. (a) MOZART 3 ozone field averaged for 3 July 2002 interpolated to the 380 K potential
temperature surface. The plot is from 0� to 60�N latitude and from 180�W to 30�W longitude. Contour
spacing is 100 ppbv. The rectangle indicates the location of the profile in the bottom plot. (b) Profile of
ozone (red curve) from MOZART 3 on 3 July 2002 at 27�N, 81�W (indicated by the rectangle in
Figure 11a). Model has been interpolated to potential temperature as a vertical coordinate. Also shown is
the observed ozone profile for 3 July 2002 (solid blue circles). Each circle represents the 4 K average of
the ozone data, and the error bars correspond to the 1-s standard deviation of the ozone mixing ratio
within that 4 K interval.
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ison between the modeled and observed vertical mixing
ratio of ozone between 340 and 460 K potential temperature
for 3 July 2002. The modeled profile represents the vertical
distribution at 27�N and 81�W (the region shown by the
rectangle in Figure 11a) and encompasses the region sam-
pled by the WB-57F on the same day. As can be seen here,
the in situ ozone data is well represented by the MOZART
model run. The location of the maximum ozone enhance-
ment between 380 and 400 K is reproduced; however, the
magnitude of this enhancement is overestimated by the
model. Above 420 K the model underestimates the magni-
tude of the ozone mixing ratio, but matches the gradient
with altitude well.
[42] Overall, the agreement between the 3-D CTM and

the observation is quite good considering the CTM is
constrained only by large-scale chemistry and meteorology.
This demonstrates that a global model can reasonably
represent such an event. It also demonstrates that the
anomalous ozone profile is a product of the large-scale
circulation. Further quantitative analysis, such as the fre-
quency of these events, is beyond the scope of the present
discussion but will be continued in a future study.

5. Conclusions

[43] Extensive simultaneous, in situ measurements in the
UT/LS over a large region of the midlatitudes and subtrop-
ics has allowed for the characterization of the composition
of the air mass in summer 2002. In July 2002, a large and
persistent quasi-stationary anticyclone established a merid-
ional flow pattern in the UT/LS. This was effective in
transporting high-latitude air into the subtropics producing
an altitude localized region of elevated ozone abundance
between the tropopause and �410 K. Both the tracer
correlations and back trajectory calculations support this
result. The extent of this layered structure covered over 12�
latitude and was still observable near the tropics at 12�N.
[44] The general features of the ozone distribution are

reproduced in a 3-D chemical transport model simulation.
This indicates that these profiles are not a localized occur-
rence but a result of large-scale transport. Ultimately,
improved model calculations constrained by extensive in
situ observations will allow for a more quantitative evalu-
ation of the larger-scale features and the implications for
long-range transport of chemicals (and particulates)
throughout the UT/LS. In particular, there exists a crucial
need for a more complete understanding of the potential
long-term global impacts involving the transport of midlat-
itude tropospheric pollutants into the tropical upwelling
region.

[45] Acknowledgments. We wish to thank D. Kinnison and
G. Brasseur for the MOZART version 3 CTM simulation results. We also
acknowledge the dedicated efforts of all the NASAWB-57F pilots and crew
during the CRYSTAL-FACE campaign. The authors also thank two
anonymous reviewers for helpful comments on improving the manuscript.
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